Purpose To evaluate safety of coblation of simulated lytic metastases in human cadaveric vertebral bodies by measuring heat distribution during thermal tissue ablation and comparing it to radiofrequency ablation (RFA). Materials and methods Three devices were compared: a 10 mm single-needle RFA electrode, a 20 mm array RFA electrode and the coblation device. To simulate bone metastases, a spinal tumor model was used stuffing a created lytic cavity with muscle tissue. Measuring of heat distribution was performed during thermal therapy within the vertebral body, in the epidural space and at the ipsilateral neural foramen. Eight vertebral bodies were used for each device. Results Temperatures at heat-sensitive neural structures during coblation were significantly lower than using RFA. Maximum temperatures measured at the end of the procedure at the neural foramen: 46.4°C (±2.51; RFA 10 mm), 52.2°C (±5.62; RFA 20 mm) and 42.5°C (±2.88; coblation). Maximum temperatures in the epidural space: 46.8°C (±4.7; RFA 10 mm), 49.5°C (±6.48; RFA 20 mm) and 42.1°C (±2.5; coblation). Maximum temperatures measured within the vertebral body: 50.6°C (±10.48; RFA 10 mm), 61.9°C (±15.39; RFA 20 mm) and 54. 4°C (±15.77; coblation). Conclusion In addition to RFA, the application of coblation is a safe method to ablate vertebral lesions with regards to heat distribution at heat-sensitive neural spots. The measured temperatures did not harbor danger of thermal damage to the spinal cord or the spinal nerves.
Introduction
Metastases of the spine represent the most common type of bone metastases in tumor patients. At the point of their death, about 36 % of all tumor patients possess osseous metastases of the spine [1] . The most frequent primary tumors creating lytic metastases are breast cancer and bronchial carcinoma [2] .
The treatment is usually palliative and comprises different methods including chemotherapy, radiotherapy and interventional techniques like thermal ablation therapy. Concerning pain reduction, the combination of thermal ablation and vertebroplasty shows high success rates, which can be up to 100 % [3] . In general, there are two different thermal ablation methods: radiofrequency ablation (RFA) and radiofrequency ionization (coblation). RFA is a well-known technique, which is also used in the treatment of primary tumors like renal cell carcinoma [4] , hepatocellular carcinoma [5] or osteoid osteoma [6] . There are two different types of RFA applicators: monopolar and bipolar systems. The most commonly used RFA systems operate in a monopolar way, as did the system that was used in our cadaver study. In addition to the active electrode, which is placed in the target tissue, grounding pads are placed on the patient's body. The high electrical resistance of the tissue, compared to the resistance of the electrodes, leads to an ionic agitation of the adjacent tissue. Thus, the agitated tissue represents technically the source of heating, not the electrode itself that is placed within it. Therefore, the heating is not limited to the device-tip, but concerns a certain field including the target tissue in the vicinity of the electrode [7] .
The radiofrequency ionization (plasma-mediated ablation, coblation) represents a new thermal ablation method in the treatment of bone metastases, which tumor-patients could benefit from. With this technique, at the tip of the device, a plasma field of highly energetic ionized particles is created which is capable of breaking molecular bonds and dissolving the target tissue [8] . To maintain this plasma field, a continuous flow of saline solution through the device is necessary. In contrast to RFA, a cavity is created in the target tissue, caused by the slightly curved design of the device and its circumferential moving in different clock positions while performing coblation. The created cavity allows a more controlled injection of cement during the following vertebroplasty [9] . Recently, plasma-mediated ablation has found its way into treatment of both bone tumors and bone metastases. Jakanani et al. [10] described the successful coblation of a acetabular metastasis followed by cementoplasty; Gerszten and Monaco [11] performed the ablation of vertebral metastases in patients with malignant vertebral compression fractures prior to vertebroplasty.
Nevertheless, coblation represents-like the RFA-a thermal ablation procedure, which may harbor danger of thermal injury when the metastases are adjacent to the spinal canal or nerve root. Because vertebral metastases typically affect the posterior part of the vertebral body first, nerve structures are particularly endangered.
Because of the risk of thermal damage in heat-sensitive [12] [13] [14] [15] [16] nerve tissue, it is important to measure the generated temperatures during this procedure. Concerning RFA of vertebral lesions, this issue was evaluated by Adachi et al. [17] . Wegener et al. [18] recorded temperatures in the spinal canal to investigate safety of vertebroplasty. We performed this study to evaluate the risk of therapyassociated neural damage during coblation therapy in human cadaveric vertebral bodies and to compare it with the temperatures occurring during conventional RFA.
Materials and methods
Human cadaveric lumbar vertebral bodies were used in this study to compare the heat distribution during the application of RFA and coblation under realistic anatomic circumstances. A tumor-mimic model, as developed by Kawai et al. [19] to simulate RFA of tumor tissue, was used to create a lytic lesion in the posterior part of the vertebral body. For this purpose, a transpedicular access was established with a 9 G biopsy needle. Via this access, a 1.5 cc cavity was created within the posterior part of the vertebral body, with a Soteira Shield Kyphoplasty System (Soteira Inc., Natic, USA). The created cavity was filled up with 1.5 cc tumor paste, which was made of fresh muscle tissue from swine. To enhance visibility under fluoroscopic view, barium sulfate was added to the muscle paste, at a ratio of 1:10. This model was suggested for performing the RFA using the standard ablation algorithms.
Eight human vertebral bodies were used for each of the three tested devices: a 20 mm RFA array electrode (LeVeen TM Electrode System, Boston Scientific, Natick, USA), a 10 mm single-needle RFA electrode (Soloist TM Electrode System, Boston Scientific, Natick, USA) and the coblation device (Cavity SpineWand, ArthroCare, Sunnyvale, USA). Under fluoroscopic guidance, the devices were placed in position through the same access used to create the tumor mimic model. Thermocouples (k-type) were placed on three positions at the level of the thermosensitive regions of interest: via contralateral transpedicular access within the central vertebral body, at the ipsilateral neural foramen and in the epidural space (Fig. 1) . All placements were accomplished under fluoroscopic control. The thermocouples were connected to a four-channel thermometer (Voltcraft 304/K204, Conrad Electronic SE, Hirschau, Germany). The vertebral body was placed in a plastic case filled with saline solution, continuously tempered at 37°C to simulate standard body temperature. At the bottom of Fig. 1 Fluoroscopic view of the vertebral body with thermocouples within the vertebral body (A), in the epidural space (B) and at the neural foramen (C). The metastasis simulating lytic lesion was filled with muscle tissue via the same transpedicular access the 10 mm Soloist electrode (D) was inserted the case, a copper plate was mounted to place the RFA grounding pads at (Fig. 2) .
Temperatures were measured during thermal ablation as previously described by Adachi et al. [17] . The RFA electrode was connected with a RF 3000 generator (Boston Scientific, Natick, USA), whereas the coblation electrode received power from an ArthroCare System 2000 Controller (ArthroCare, Sunnyvale, USA). RFA started at 2 W using the single-needle electrode and at 20 W using the array-electrode. During the application, the power was raised according to the algorithms given by the manufacturer. The coblation system was set to level 6 during the whole operation. In contrast to RFA, during coblation, the device was moved back and forth repetitively within the vertebral body, using different clock positions to create the cavity.
Results
The maximum temperature at the neural foramen was 46.4°C (±2.51) using the RFA 10 mm device, 52.2°C (±5.62) using the RFA 20 mm electrode and 42.5°C (±2.88) with the coblation device. In the epidural space, the temperature reached 46.8°C (±4.7) with the RFA 10 mm device, 49.5°C (±6.48) using the RFA 20 mm electrode and 42.1°C (±2.5) while the appliance of coblation. The highest temperature within the vertebral body was 50.6°C (±10.48) using the RFA 10 mm electrode, 61.9°C (±15.39) with the RFA 20 mm device and 54.4°C (±15.77) using coblation (Fig. 3) .
At the monitoring point within the vertebral body, the differences between the RFA Soloist, the RFA LeVeen electrode and the coblation electrode were not significant (RFA 10 mm/coblation: P = 0.579; RFA 20 mm/coblation: P = 0.353; unpaired t test). The highest temperature measured at the neural foramen when applying coblation was significantly lower than the temperatures reached by both RFA devices (Soloist/coblation: P = 0.012; LeVeen/ coblation: P = 0.0007; unpaired t test). Also, the maximum temperature in the epidural space recorded using coblation was significantly lower than the highest temperatures measured during RFA (Soloist/coblation: P = 0.023; LeVeen/coblation: P = 0.008; unpaired t test). The mean duration of appliance using the three devices was 9.61 min (RFA Soloist electrode), 7.73 min (RFA LeVeen electrode) and 1.43 min (Cavity SpineWand), (Soloist/ coblation: P \ 0.0001; LeVeen/coblation: P \ 0.0001; unpaired t test).
Discussion
Damage of nerve tissue has been identified as one of the most serious complications associated with thermal ablation therapy. Neural damage occurs within the spinal canal when temperature reaches 45°C [15, 16, 20, 21] . Nour et al. [22] performed RFA animal studies in porcine models. Depending on the proximity to the adjacent neural structures, neural injury occurred varying from radiculopathy to paraplegia. Nakatsuka et al. [23] described transient damage as well as permanent injury of neural structures in patients. However, the monitoring of the temperature within the spinal canal helps to render the procedure safer. In another study of Nakatuska et al. [24] , neural damage occured only in one case and, furthermore, was only transient.
The results of our measurements within the vertebral body show no significant difference between RFA and coblation regarding the distribution of heat. Temperatures generated at this point were relatively high compared to the other measuring points. However, the assumption that higher temperatures within the vertebral body could cause positive effects regarding pain relief was excluded by Anselmetti et al. [25] ; in their study, thermal damage to the intravertebral nerve tissue was ruled out as the principal reason for pain relief. Thus, at the sensible spots like the neural foramen and in the epidural space, coblation generates significantly lower temperatures than RFA does. Both the 10 mm Soloist electrode and the 20 mm LeVeen electrode caused temperatures higher than 45°C in the majority of cases, whereas coblation exceeded the 45°C mark only once at the neural foramen and the epidural space, respectively. In both cases, the temperature did not overrun 47°C, so that we did not classify this exceedance as dangerous because duration of coblation was very short: Froese et al. [16] determined the effective dose (ED50) for heating nerve tissue, or rather the spinal cord, at 45°C as 10.8 min. An increase of temperature by 1°C decreases the exposure time necessary to cause the same effect, by the factor of 2,25. According to this, the ED50 for heating neural tissue at 47°C is 2.13 min. However, in our experimental series, coblation did not exceed 1.58 min, the mean application time was 1.42 min (84.9 s).
In contrast, temperatures during RFA exceeded 45°C at the neural foramen in 87.5 % of all treatments (Soloist 75.0 %; LeVeen 100.0 %). In the epidural space, the temperature exceeded 45°C in 62.5 % of all runs (Soloist 62.5 %; LeVeen 62.5 %).
Adachi et al. [17] recorded temperatures in the spinal canal while performing RFA ex vivo in vertebral bodies with and without a cortical bone defect of the posterior wall. Temperatures above 45°C were only reached in the vertebral bodies with a defect of the posterior wall. However, in opposition to our study, the test arrangement was not tempered at standard body temperature but at a value between 23 and 25°C. This significant lower ambient temperature causes a considerable cooling effect that may be the reason for lower values recorded in this study. Unlike this study, we monitored temperature also at the neural foramen, because the nerve roots represent, beside the spinal cord, another vulnerable structure adjacent to the vertebral column. Although this measuring point is more distant from the device-tip than the epidural measuring point, it exceeded the 45°C mark more often whilst using RFA. Thus, the spinal nerves seem even more endangered to sustain thermal injury than the spinal cord. We assumed that the access-needle used in coaxial technique, which the RFA-electrode was inserted through, acts as a conductor of heat. Its transpedicular location implies proximity to the ipsilateral foramen intervertebrate that presents the passage point of the spinal nerves.
The values measured during the RFA in our cadaver study could lead to the conclusion that neural injury might be a rather frequent complication in patients. Nevertheless, our experiments were performed ex vivo, prohibiting simulation of a factor affecting the heat distribution. In vivo, cerebrospinal fluid and the blood flow through the spinal and vertebral vessels would cause a certain amount of cooling to the structures we focused our measurements at. In our study, we did not simulate the convective effect of blood-flow and liquor circulation: temperatures generated in vivo would be lower [25] .
In conclusion, our study shows that in addition to RFA, the application of coblation is a safe method to ablate vertebral lesions concerning heat distribution at heat-sensitive neural spots, because the temperatures reached by coblation are lower than those reached by RFA (neural foramen: RFA 10 mm/coblation: P \ 0.05; RFA 20 mm/ coblation: P \ 0.001. epidural space: RFA 10 mm/coblation: P \ 0.05, RFA 20 mm/coblation: P \ 0.01). During coblation, our measured data did not show risk of thermal injury to the spinal cord or the nerve roots, while RFA constantly reached higher temperatures at the adjacent neural structures. According to this, coblation may be attended at an even lower rate of complication than RFA. It is convenient to choose coblation as the preferred therapy when the location of the vertebral lesion is adverse and the application of RFA appears to harbor the danger of injuring the spinal cord or the nerve roots. This can be the case when the metastasis invades the posterior wall of the vertebral body or infiltrates the pedicles. So minimal-invasive interventional therapy of metastatic disease of the spine may come into consideration for patients where RFA cannot be performed for reasons of safety.
To confirm these results, further studies, performed in vivo, will be needed. Furthermore, it will be necessary to analyze the reaction of the tissue treated by coblation. This should include a comparison between the volumes of ablated metastatic tissue using both methods to evaluate the capability of coblation concerning this aspect.
